Crosslinking is a common practice to improve the barrier properties of polymers. In this study, Montmorillonite (MMT) was used with Polyvinyl alcohol (PVA) to deposit nanocomposite coatings which were crosslinked with glyoxal (Gly) by Layer by Layer (LbL) on a PET substrate. Two crosslinking conditions were studied, under mild condition and with an acidic environment. Mild condition was useful to identify the reversibility steps and the optimum crosslinking times while the acidic environment was essential to investigate the crosslinking mechanism, by determining the permeability for different crosslinking times. PVA and PVA-MMT coatings showed a strong correlation between the permeability coefficients for different crosslinking times and the FTIR results.
Introduction
Barrier materials are in constant demand for a wide variety of applications, especially for food packaging which has a considerable growth of the flexible packaging market. Polymeric materials are a considerable part of this market and many technologies are currently applied to improve their gas barrier. The most popular, is the multilayer structured film in which a barrier layer (ethylene vinyl alcohol (EVOH), Nylon…) is usually part of a three to twelve layers structure. Metallic and silicon oxide coatings are also extensively used for high barrier packaging.
In addition to these two, other techniques are also used to improve the cost and Nanocomposite coatings are considered a sustainable solution, due to their recyclability and the increasing interest in ecofriendly materials like clay [1] , cellulose nanocrystals [2] or chitosan [3] .
For nanocomposites, some affordable materials like clay, improves considerably the polymer properties even with adding low amounts, due to its high aspect ratio [4] . The dispersion and exfoliation of clay depend mainly on its interaction with the polymer and the applied process. Especially for melting and casting, high clay loading can't be reached due to its agglomeration that may deteriorate the barrier properties [5] . Coating, in the other hand, resulted in a better clay dispersion and intercalation [6] .
Among the coating techniques, Layer by Layer (LbL) was developed in the early 90's and consists in the alternate deposition of polymer layers [7] . The filler can be added whether directly to the polymer solution that will be deposited, or it can be deposited as a separate layer by dipping (for dip coating) the substrate in the filler solution. LbL has shown interesting results compared to conventional techniques by reducing oxygen permeability by up to 99.9% [8] . Obtained coatings have a tailored thickness that depends on the number of layers, the properties of the used materials (fillers and polymers) and the coating steps. To increase gas barrier and reduce the sensitivity to moisture, these coatings are usually chemically crosslinked [9] . For polymers with hydroxyl and amine functional groups, dialdehydes in particular are widely used. Their remarkable reactivity results in a high crosslinking density, reducing thus considerably the free volume in the film. Other than the gas barrier, crosslinking improves also the mechanical properties [10] due to the modification of the polymer structure with the established covalent bonds [11] . The acetal formation and crosslinking reaction is known to be reversible, which could be avoided with acidic conditions. Some studies conducted this reaction under mild conditions and resulted in a non proportionality between the crosslinker concentration and the density of crosslinking [12] . Most of the crosslinking studies consider a homogeneous system in which the crosslinker solution is added to the polymer solution [11] [13] while heterogeneous reaction is not extensively studied.
To the best of our knowledge, this is the first thorough study of the variation of permeability with crosslinking time, the tracking of the acetal reaction reversibility and the correlation of permeability and FTIR absorption intensity for LbL coatings.
In this study crosslinking mechanism of a nanocomposite coating by glyoxal was investigated by comparing the impact of crosslinking time on the permeability of PVA-MMT and PVA coatings. To investigate the steps of a reversible reaction, both coatings were also crosslinked without the presence of an acid.
The bonding variation in PVA based coatings was explored by FTIR characterization and a correlation was deduced between the permeability and the intensity of FTIR peaks. The hydrophobicity of their surface was also determined by water were purchased from Sigma Aldrich (Saint Louis, Missouri, USA). 
Dip Coating Preparation

Determination of the Solubility and Diffusion Coefficients
To determine the solubility and diffusion coefficients of the coated substrate, the unsteady state is required. To achieve it, the tested films are first conditioned in the MOCON apparatus with nitrogen only for several hours, and then tested with nitrogen in order to remove all the oxygen trapped in the film. A test of the oxygen permeability is started directly afterwards without conditioning. With this unsteady state, Fick's second law can be applied, Equation (1) . Diffusion and permeability coefficients are determined with the solution to this law, Equation (2) , and the solubility is calculated with Equation (3). 
Characterization Techniques
The interlayer spacing d (001) of MMT was determined according to Bragg's law, by using X-ray diffraction spectroscopy (Philips X'pert) in the wide-angle mode and copper CuKα radiation (λ =1.54056 Å) as a source. The coatings were scanned with a rate of 0.02˚/s in the range of 2 to 10 degrees. MOCON 
Results and Discussion
Crosslinking Reaction of Hydroxyls with Glyoxal in a Homogeneous System
Polymer crosslinking studies focused on extrusion and solution casting by adding the crosslinker solution to the melt or polymer solution, which are homogeneous reactions. Nonetheless, those studies differ from LbL coatings where the crosslinking is performed by the addition of the crosslinker solution to a LbL deposited film which was previously dried. As such, the crosslinking can be assumed as a heterogeneous reaction.
The reaction mechanism for some crosslinkers, e.g. glyoxal, can vary depending on the polymer functional group. For instance, for aldehydes crosslinkers the crosslinking mechanism with polymers containing hydroxyl groups in their structure, e.g. PVA, is based on two reactions occurring in an acidic environment. In the case of PVA, presented in Figure 1 , it first reacts with Gly to result in an unstable intermediate, the hemi acetal, which then reacts with the PVA to form the acetal and water. Both reactions are reversible in the absence of acid. The kinetic study of the crosslinking of aliphatic alcohol with aldehydes to form acetals, for homogeneous systems, is presented as a second order reaction with two reactants (Equation (4)) [14] :
According to a study conducted by Kormanovskaya et al. (1964) , with PVA and formaldehyde, the second reaction involving the reaction of hemiacetal with PVA is the limiting step of the crosslinking reaction [15] . To make the reaction run in the forward direction, avoiding the reversibility of the crosslinking mechanism, the use of high initial concentration of PVA was suggested.
Mild Conditions for PVA Crosslinking
Most of the studies of the crosslinking of PVA with aldehydes consider a homogeneous system, in which the crosslinker solution is added to the PVA solution.
This is not the case for LbL deposited film, as whether for spin, spray or dip coating, the crosslinker solution is applied to a dry film. For dipping, for instance, the LbL film is crosslinked by dipping it in the crosslinker solution.
Crosslinking LbL deposited films is a heterogeneous reaction that implies a crosslinker diffusion with a simultaneous reaction.
The presence of acid in the acetal reaction is important for limiting the reversibility of both reaction steps, by pushing the reaction toward the formation of acetal ( Figure 2 ).
The addition of acid can, however, be considered aggressive for some applications. Applying mild conditions by using the crosslinker only without acid, yields to a reversible reaction. The steps of this reversibility can be clearly identified when measuring the permeability of the coatings for different crosslinking times ( Figure 2 ). This is an interesting observation as it allows to investigate the effect of the crosslinking on the reaction reversibility. As PVA-MMT assembly is based on hydrogen bonding and this affinity affects the clay properties, the interlayer spacing of MMT was determined for several crosslinking times and the result showed that crosslinking didn't affect considerably this spacing ( Figure S1 ).
MMT increases the tortuosity in the coating by increasing the path of diffusing molecules but it also affects the mobility of PVA chains [17] , which may hinder the diffusion of Gly, considering that MMT represents 60 wt% of the coating ( Figure S2 ). Plotting relative permeability in function of the crosslinking time for both coatings, with and without MMT (Figure 3) , showed a better reduction in permeability for PVA coatings. Both types of coatings had a similar variation of P/P 0 with the crosslinking time, meaning that MMT didn't affect the different steps of the reaction and its reversibility. The only difference observed is the lower permeability ratio of PVA coating for the first 30 min of crosslinking. Gly molecules diffuse through the coating while reacting with hydroxyl groups to establish covalent bonds which could slow the reaction rate, such assumption must be confirmed by a kinetic study.
The lower permeability coefficients for nanocomposites compared to the neat polymers is often interpreted with the reduction of the diffusion of permeant gas molecules, making the free volume an important nanocomposite property to be considered. This latter has been described as having an exponential effect on the permeability [17] . Permeability is, however, also a function of the solubility coefficient which is specific to the pair polymer-permeant molecule. Gas solubility is related to the static free volume and is independent of the polymer chains motions while its diffusivity is related to the dynamic free volume due to the motion of the polymer segments.
Diffusion coefficient is thus a kinetic factor that gives an understanding of the mobility of permeant molecules in the polymer. Solubility coefficient, in the other hand, is a thermodynamic factor that depends on the affinity between gas molecules and the polymer [18] .
The presence of MMT in the LbL coating decreases both coefficients ( Table   1 ). The diffusivity coefficient decreases around 5 times for 5 min crosslinked coatings, due to the higher tortuosity in the nanocomposite and the reduction of the free volume. The solubility decreases considerably with the addition of MMT with a 15 times reduction. For both PVA and PVA-MMT coatings, crosslinking did not affect diffusion and had a more pronounced impact on solubility instead.
A higher reduction is obtained with a longer crosslinking time, as a 50 min crosslinking time resulted in a 10 times lower solubility coefficient for the PVA-MMT coating than a 5 min crosslinking time.
Contrary to the bulk, reversibility did not seem to affect the coatings surface hydrophilicity (Figure 4 ). The water CA varies according to the density of free When plotting permeability results in function of the C-O peak intensities, for PVA and PVA-MMT coatings with and without reversibility, a linear correlation is obtained ( Figure 6 ). Such correlation enables a different approach in interpreting the permeability results.
Investigation of the Crosslinking Reaction
This linear relation between the permeability and the peak intensity means that the permeability is also linearly proportional to the crosslinked groups concentration. As the determined diffusion and solubility coefficients showed, solubility is more affected by the crosslinking than diffusivity. With such logic, solubility is thus linearly proportional to the concentration of crosslinked groups.
By establishing this correlation for the same material and coating technique, the permeability can be estimated, with only the coated samples needed for 
Reaction Kinetic
For a homogeneous crosslinking reaction, the considered reaction kinetic depends on both PVA and Gly with an order of 1 for each of them. In the case of LbL, two main differences exist, compared to the usually studied homogeneous reactions. On one hand, it is a heterogeneous reaction which affects the reaction kinetic, and on the other hand, for the crosslinking of LbL films, PVA is in excess compared to the crosslinker which simplifies Equation (4) to Equation (5) .
It must be mentioned that it is very difficult to determine the concentrations of both the PVA and the Gly in the LbL coating. [ ]
[ ] [ ]
with a and b constants. To find the reaction order, α, the Gly concentration in Equation (5), is replaced by its expression in function of the permeability, deduced from Equation (6):
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To find the reaction order describing the crosslinking reaction, the linearity of the permeability equation related to each order with time was investigated ( Figure 7 ). For the case of the first reaction order (logarithm of permeability) the linear regression was low (R 2 = 0.7) compared to second reaction order (R 2 = 0.97), which led to believe that the crosslinking reaction followed a second order reaction based on the Gly.
Integrating Equation (7) while considering a reaction order of two, led to a perfect fit for both types of coating, with Equation (8) 
with app k , the apparent reaction rate constant, as it is the ratio of the reaction rate constant k to the constant a (k/a).
The study of the correlation between permeability and FTIR absorption intensity, showed that the slope constants are not in the same range with a value of 1276.7 for PVA coatings and 0.365 for PVA-MMT coatings. This is mainly due to two reasons. In one side, the interfering of clay peaks with the peak of interest, and in the other side the thicker nanocomposite coatings (1 μm compare to 0.2 μm for PVA coatings).
According to this second order fitting, the obtained k app is 1.5 m 2 •day•atm•cc −1 •min −1 for PVA-MMT coating and 0.01 m 2 •day•atm•cc −1 •min −1 for PVA coatings. A straightforward multiplication app a k * to obtain k, can't be applied in this case, due to the consideration of the constant a in the integration as a slope of the correlation between the permeability and the Gly concentration whereas, only the correlation between the permeability and the FTIR absorption intensity was experimentally obtained.
To be able to compare those values, a correction of the FTIR absorption intensity of PVA-MMT coatings could also be conducted to deduct the effect of clay if needed.
Conclusions
Crosslinking reaction of PVA with Gly for a LbL deposited film, was studied in this work. It was proven that despite working in heterogeneous systems as LbL, Open Journal of Polymer Chemistry the acetal reaction was still reversible. This reaction mechanism was evaluated by the variation of the coated film permeability at various crosslinking times, which allowed to determine the multiple reversibility steps. It was also noticed that the use of fillers in the LbL film did not affect the reaction mechanism since the reversibility was still proven by the permeability and the FTIR studies. To avoid the reversible reaction mechanism, acidic conditions were necessary for the PVA crosslinking.
During the crosslinking study, a strong correlation between the FTIR absorption intensity and the permeability was observed and was interpreted as the result of the proportionality between the solubility coefficient and the crosslinked group concentration.
To complete the study, a kinetic model describing the PVA-Gly crosslinking reaction was performed. As a result, a second order reaction with respect to the Gly was proposed to evaluate the evolution of the permeability with the crosslinking time. The kinetic study was developed assuming that in LbL the polymer is usually in excess compared to the crosslinker, and the linear correlation between the permeability and the concentration of crosslinker, i.e. FTIR measurements.
The proposed model with apparent reaction rate constants based on the proposed correlations fitted perfectly the experimental data. It was observed that the use of fillers in the coatings, MMT, increased the apparent reaction rate. 
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